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Optical microresonators have been proven as an effective means for sensing 
applications. The high quality (Q) optical whispering gallery modes (WGMs) circulating 
around the rotationally symmetric structures can interact with the local environment 
through the evanescent field. The high sensitivity in detection was achieved by the long 
photon lifetime of the high-Q resonator (thus the long light-environment interaction path). 
The environmental variation near the resonator surface leads to the effective refractive 
index change and thus a shift at the resonance wavelength. 
In this dissertation, we present our recent research on the development of new 
optical microresonators for sensing applications. Different structures and materials are 
used to develop optical resonator for broad sensing applications. Specifically, a new 
coupling method is designed and demonstrated for efficient excitation of microsphere 
resonators. The new coupler is made by fusion splicing an optical fiber with a capillary 
tube and consequently etching the capillary wall to a thickness of a few microns. Light is 
coupled through the peripheral contact between inserted microsphere and the etched 
capillary wall. Operating in the reflection mode and providing a robust mechanical 
support to the microresonator, the integrated structure has been experimentally proven as 
a convenient probe for sensing applications. Microspheres made of different materials 
(e.g., PMMA, porous glass, hollow core porous, and glass solid borosilicate glass) were 
successfully demonstrated for different sensing purposes, including temperature, 
chemical vapor concentration, and glucose concentration in aqueous solutions. In 
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addition, the alignment free, integrated microresonator structure may also find other 
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1.1 Optical Microresonator: Concept and Fabrications 
Optical microresonator has been investigated for a few decades for its broad 
applications in optical filter, quantum electrodynamics, lasers and sensors. Spherical, 
circular, ring, toroid and rectangular shaped microcavities have attracted great interest as 
optical microresonators [1-4]. These axially symmetric structures trap light in a small 
volume in the form of whispering-gallery modes (WGMs), resulting in optical resonances 
in the transmission spectrum. The concept of WGMs in optical microresonator is defined 
as circular electromagnetic waves supported by transmission from boundaries of the 
symmetrical structure. By using highly transparent, low scattering loss material, such as 
silica, the WGMs can provide extremely high values of Q-factor in a small mode volume. 
The Q is mainly limited by the material attenuation and scattering loss contributed by 
surface roughness and geometrical imperfections. The high index difference at the 
boundary and relatively larger curvature (typically exceeds several wavelengths) 
guarantee the minimization of radiative loss and bending loss. 
There are different approaches to fabrication dielectric microresonators. 
Microsphere can be fabricated by fusion splicing an optical fiber or fiber taper, or by 
using laser irradiation and focusing on the fiber or taper ends [5]. Microdisk or 
microtoroid can be made by photolithography and chemical etching [6]. Microfluidic ring 
resonator is made by an etched cylindrical tube integrated with chemical fluid [4, 7, 8]. 
The slot-waveguide ring resonator can be fabricated by using a dual surface-energy 
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adhesive film to bond a hard plastic shell [9] or using SU-8 epoxy negative photoresist 
[10]. 
According to different purposes, various materials and fabrication approaches are 
used. A dye-doped microsphere significantly enhances the lasing efficiency, which also 
contributes to an enhancement in the observed Q-factor [11, 12]. Optical microfiber knot 
resonators were demonstrated with air and MgF2 substrate with Q at 50,000 [13]. Optical 
resonance can be well maintained when immersed into water or a low-index substrate 
with potential optical signal processing, sensing applications. 
 
1.2 Applications of Optical Microresonator: Optical Filter, Cavity QED and Laser 
One of the applications based on optical microresonator is optical filter. 
Sophisticated control of the devices wavelength response can be possibly achieved by 
combing optical microresonators appropriately. 
Little et. al. has analytically shown a compact, narrow band, and large free 
spectral range optical channel dropping filter, using optical microring resonators side 
coupled to signal waveguides [14-16]. The performance between multiple coupled rings 
and a single resonator were presented that the filter performance can be improved 





Fig. 1.1. Instantaneous electric field amplitude in the ring filter near the resonant 
wavelength λo = 1.334 μm for single and double ring resonators. Bottom: a 
comparison of the pass band characteristics of filters composed of one, two, and 
three coupled rings [15]. 
 
With the demonstration of 1 to 11 coupled cavities, a device of high-order 
microring resonators can be obtained. These filters present low loss, flat tops, and out-of-
band rejection ratios with more than 80 dB [17]. Potential commercial applications can be 
achieved with these performances. Example of a 6
th
 order filter is shown as following: 
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Fig. 1.2. Example of a sixth-order microring resonator filter and measured 
response for first-, third-, and 11th-order microring resonator [17]. 
 
Recently, an electrically reconfigurable silicon microring resonator-based filter 
with waveguide-coupled feedback was demonstrated [18]. In this design, a nearly 
uniform resonance line shapes over multiple free-spectral ranges by nearly phase 
matching the feedback and the microring, shown as the following figure. 
 
Fig. 1.3. Illustration of the resonance-dependent line shapes in general cases [18]. 
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The feedback phase and amplitude are tuned through the free-carrier plasma 
dispersion and absorption effect by forward biasing a laterally embedded p-i-n diode, and 
the transmission resonances depends on the attenuated feedback coupling [18]. 
WGM microcavities have been investigated for cavity quantum electrodynamics 
(CQED) experiments for many years. The combination of the low cavity losses, relative 
ease of fabrication and small mode volumes makes them promising candidates for 
experiments in CQED [19]. Microtoroidal shaped silica cavity supported by a silicon 
pillar allows an extra level of geometric control and strong coupling compared to 
spherical cavity [20]. This not only retains the high-Q factors of spherical cavity, but also 
shows significant advantages in control, mode structure and fabrication reproducibility. 
The properties of the microtoroidal optical resonator are demonstrated in [20]. 
The mode volumes of silica toroidal microresonator are given by the equation [20]: 
   
∫  ( ⃗)| ⃗⃗( ⃗)|
 
   ⃗
  
  
| ⃗⃗   |
                 (   ) 
Where VQ represents a quantization volume of the electromagnetic field and | ⃗⃗| is the 
electric field strength [21]. 
 Spillane et. al. [22] introduced a technique to both measure ideality of a range of 
coupling strengths and provide a diagnostic of parasitic coupling within the fiber taper 
waveguide junction. Meanwhile, Louyer et. al. demonstrated a tunable WGM resonator 
using bottle shaped cylinder [23]. The modes spacing for this resonator was shown as one 
order of magnitude smaller than an equatorial WGM. This design is suited to be 
combined with a surface trap for cold atoms trapping into the resonator mode. 
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Microcavity lasers based on optical microresonator platform have also been 
investigated. The small mode volume and low threshold make it an ideal micro laser 
device. A thin semiconductor Microdisk with optical confinement within the disk plane 
provides an optical microresonator with single-mode, ultralow threshold lasers [24]. 
Optically pumped InGaAs quantum well provides sufficient gain at 1.3 and 1.5 μm 
wavelengths with low threshold pump power at 100 μw.  
Raman laser using spherical optical resonator with ultralow-threshold were 
demonstrated [25]. A series of Raman oscillation peaks located around 1670 nm can be 
observed at the pump of 1550 nm. In the following figure, the spectrum of a 70 μm 
diameter microsphere laser with pump laser power of 2 mW is presented. 
 
Fig. 1.4.  Raman oscillations using a microsphere coupled to a fiber taper [25]. 
 
 The efficiency of the Raman oscillator was investigated [25]. The threshold was 
obtained by decreasing the pump power until a single emission wavelength was observed. 
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The measured threshold is 86 μW, which is 1,000 times lower than that of using 
microdroplets [26]. 
 Rare earth doped optical resonator microlaser on a silicon chip with solgel process 
was demonstrated [27, 28]. High Q-factor obtained by toroidal microcavity with 
continuous lasing with threshold of 660 nW was obtained [28].  
The microsphere resonator with thin film gain layer shows an important effect on 
laser dynamics [27]. Optical coupling to the spherical cavity using optical fiber taper 
serves for both pumping and laser extraction. The following figure shows the up 
conversion photoluminance at different coupling zones. 
 
Fig. 1.5. Images of the WGMs in the taper-sphere coupling zone: (a) l - m = 1, (b) 
l – m = 4 [7]. 
 
Other microlaser related topics including microresonator based optical frequency 
combs [29, 30], parametric frequency doubling [31], optical hyperparametric oscillation 
[32], and phase-matched second-harmonic generation [33] have been attracted great 





1.3 Optical Microresonator for Sensing Applications 
Optical sensing [34-36] technique has been developed for the last a few decades 
and finds broad applications in structure monitoring [37-41], food industry [42, 43], 
chemical detection [44-49], temperature measurement [50-53] and bio-sensing [54-57], 
etc. There has been intense research and development interest in fiber grating sensors 
over the past decades [34, 58-60], and fiber sensors provide advantages such as 
electrically passive operation, electromagnetic interference (EMI) immunity, high 
sensitivity, and multiplexing capabilities [34, 60]. Various types of gratings are 
investigated, including uniform fiber Bragg gratings (FBG) [60], chirped gratings [61-63], 
tilted FBG [64, 65], long period-based grating sensors [50, 59, 66, 67], and 
interferometric sensor systems based on grating reflectors [58].  
Surface Plasmon Resonance (SPR) phenomenon has also been used for sensing 
more than three decades and this method made great strides in sensing applications [68-
70]. Commercialized SPR becomes a central tool for characterizing and quantifying 
biomolecular interactions [71-73]. However, the detection limit of SPR biosensor is an 
issue compared to other optical sensors [72, 74]. 
Additionally, optical interferometers have also been studied for broad sensing 
applications. Michelson interferometer, Mach-Zender interferometer, Fabry-Perot 
interferometer and multimode interferometer  have shown advantages in high sensitivity, 
fabrication ease, low cost and fiber component compatibility [34, 36, 75]. These double 
interference devices usually require large sampling areas (analyte volumes) [76].  
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WGM optical microresonators sensors [77-81] have shown its advantages in 
detection limit, miniature size and high sensitivity when combined with specific material 
or structures [77-81]. Optical resonator finds its broad applications in chemical sensing, 
thermal sensing, pressure sensing, biological sensing, etc [2, 6, 77-82].  
When pure fused silica microsphere is used, the optical resonator exhibits a high 
Q [1]. The spectra position of the resonance shifts in response to the refractive index 
change in surrounding medium [83]. The strong interaction between the light and 
surrounding due to the extremely high Q yields a sensitivity of approximately 30 nm/RIU 
(refractive index units). When a high spectral resolution sensor system is employed (0.01 
pm), the detection limit of refractive index change can achieve 10
−7
 RIU [83]. Coiled 
microfiber resonator together with low loss Teflon coating can highly improve the 
sensing performance [84, 85]. Due to its high-Q and enhanced adsorption, the sensitivity 
can be as high as 700 nm/RIU and a refractive index resolution of 10
-10 
can be predicted 
[84].  The setup is shown as following: 
 
Fig. 1.6. Schematic of the coated all-coupling nanowire microcoil resonator [84]. 
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The sensitivity of this nanowire coil resonator device has been studied in two 
typical configurations and its dependence on the morphology, such as nanowire diameter 
and coating thickness [85]. 
On-chip integrated optical resonator sensors are also demonstrated miniature size 
and inexpensive cost [76]. Though the Q (5×10
3
) is relatively low due to the material and 
coupling scheme, the whole setup turns out to be convenient for sensing purpose. A 
measurement of refractive index change of 10
-4
 is demonstrated experimentally [76]. 
 
Fig. 1.7. Cross section and view of an integrated optical sensor and its RI sensing 
response [76]. 
 
On-chip sensor based on polymer ring resonator was demonstrated for RI sensing 
with a higher Q (20,000). This device was fabricated by direct imprinting technique with 
thermal re-flow treatment [86]. The resolution can achieve 10
-7 
RIU and a detection limit 
of 250 pg/mm
2 
of molecule coverage on the ring surface. This shows the potential of the 
optical resonator for label-free sensing and the combination with microfluid channels for 
drug discovery, environmental monitoring and chemical analysis [86]. 
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In chemical and bio-sensing applications, the high Q of the optical microresonator 
offers the potential of high detection limit and sensitivity [77, 78, 87-89]. The 
equivalently long interaction between the resonance and surrounding media can provide a 
sufficient phase shift for sensing and measurements [87]. The microsphere WGMs 
resonator has been demonstrated to respond to monolayer of protein adsorption [90]. 
Microdisk [91] or microtoroid [6, 92] resonators have been shown with sensitivity 
enhancement and analyte reduction in comparison with waveguide sensors. In addition, 
clusters of polystyrene microspheres (10 µm) were used for optical in situ biosensing 
with each cluster exhibits a specific WGM spectrum that can be considered as its 
fingerprint and identification of traced clusters [93]. Nanoparticle detection using 
microtoroid resonator [6] and single atom detection [94] were also investigated based on 
WGMs resonator platform. 
 
1.4 Motivation of This Dissertation 
Optical microresonator with high-Q, miniature size and high detection sensitivity 
make it a good candidate for sensing applications, such as chemical detection, thermal 
sensing, refractive index measurement, etc. It is envisioned that these optical 
microresonator based sensors may find broad important applications in various areas of 
biochemical analysis, drug discovery, disease diagnostics, food industry, and 
environmental monitoring. However, traditional optical resonator sensors require stable 
lab-based environment and its sensitivity needs improvement.  Our approaches include 
the change to porous structure and sensitive material of the microspheres and an 
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enhancement of coupling robustness. The goal of this research is to conduct research on 
the development of device, material and system for the target of the improvement of 
sensor sensitivity as well as environment tolerances. The specific research steps and 
objectives include: 
1. High sensitivity chemical detection: porous glass hollow core microsphere 
was used to integrate with fiber taper. Transmission resonance spectra was monitored and 
demonstrated with wavelength shift according to the surrounding media change. Various 
types of chemical vapor were tested and selectivity can be observed at same vapor 
concentration level. An increasing of detection sensitivity of 30 – 100 times was noticed 
compared to that of a solid glass microsphere resonator. 
2. Microring resonator with ionic liquid core was tested for CO2 absorption. 
The sensitivity was enhanced due to the high absorption rate of ionic liquid. This novel 
device can be potentially used in environmental monitoring and control applications. 
3. A novel fiber pigtailed thin wall capillary coupler was designed and 
demonstrated for its capability of coupling microsphere optical resonator. The cylindrical 
wall coupler overcame the fragility nature of the fiber taper coupling. The reflection 
based coupling and resonance signal realized a convenient resonator sensor probe for 
practical use in field test. 
4. The thin wall capillary-coupled optical resonator was tested for different 
sensing purposes. In order to enhance the sensitivity, specific material or structures were 
applied. For the purpose of ethanol vapor detection, a porous glass sphere was used as an 
optical resonator and fully extended its molecule adsorption capability for the 
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enhancement of the sensitivity. In thermal sensing, a polymer sphere was tested with 
higher thermal response to silica bead. In refractive index sensing, the capillary cavity 
was sealed and dipped into the glucose sample for resonance intensity measurement as a 
function of glucose concentration change. The sensing probe was proven as an effective 
and convenient tool for in-situ sensing applications. 
5. The performance of the optical resonator sensors was proved with the test 
of their sensitivity, repeatability and reliability.  
 
1.5 Dissertation Outline 
Chapter 2 discusses the porous wall hollow glass microsphere (PWHGM) and its 
use as an optical resonator for chemical vapor detection. An introduction of PWHGM 
will be given in this chapter as well as its original use as a protein carrier. Coupling 
principle and experimental tests will be demonstrated in different chemical vapor 
responses: deionized water vapor, nitrogen gas, ethanol vapor and acetone vapor. A 
sensitivity comparison between solid microsphere and PWHGM will be given. 
Chapter 3 presents an analytical study on the sensitivity differences as a function 
of structure and material variations. The computational model on the PWHGM optical 
microresonator will be shown with different parameters: wall thicknesses, radius and 
modes selection. Comparison between the analytical study and experimental results will 
be shown thereafter. 
Chapter 4 demonstrates the new fiber pigtailed thin wall coupler and its 
integration with optical microresonator. The fabrication steps and coupling principle will 
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be discussed. The advantages of the coupler will be discussed and a reflection resonance 
spectrum will be demonstrated. 
Chapter 5 discusses the applications of the thin wall capillary coupled resonator 
for sensing purposes. Chemical vapor detection, thermal sensing and refractive index 
measurement will be demonstrated. The experimental results will present its efficiency as 
a resonator sensor probe in practical tests. 
Chapter 6 shows a new ionic liquid core microring resonator and its use as a CO2 
detector. The coupling scheme and sensing result will be presented. Experimental results 
will show the sensitivity of the resonator and its time response of CO2 absorption. 
Chapter 7 summarizes the work and proposes the scope for future research. 
Appendix A offers a details explanation of the fiber taper fabrication steps as well 
as the fixation of the PWHGM onto a fiber end. 
Appendix B investigates the fiber pigtailed thin wall coupler manufacture and its 
integration with microsphere. 
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CHAPTER TWO 
POROUS GLASS MICROSPHERE OPTICAL MICRORESONATOR 
 
2.1 Porous Wall Hollow Glass Microsphere 
In chemical detection, microspheres have also been coated with a compound to 
minimize the influence of the external environment and to improve the performance of 
the sensor [1, 95-98]. Porous structures have been proposed for chemical sensing [96-98]. 
Seo reported a method for enantioselective separation and catalysis using an organic 
porous material [96]. Danil showed a microporous manganese formate that exhibits 
permanent porosity, high thermal stability, and highly selective gas sorption properties 
[97]. Based on the adsorptive nature of porous structure, microspheres coated with porous 
zeolite were proposed to enhance molecule adsorption for chemical sensing [98]. 
However, it has been observed that controlling the coating quality can be difficult. 
In this chapter, an optical microresonator based on a porous-wall hollow glass 
microsphere (PWHGM) is reported for chemical vapor detection. Due to the porous wall 
and hollow core of the PWHGM, chemical vapor molecules can freely pass in and out of 
the pores and change the effective refractive index of the microsphere, which in turn 
induces a shift in the resonant wavelength of the resonator. Concentration change of 
chemical vapor can then be measured by monitoring the wavelength shift. 
PWHGMs are composed of a chemically stable sodium borosilicate glass material 
constructed in the form of a hollow central cavity surrounded by a shell penetrated with 
tortuous network of nanometer-scale channels [99]. The PWHGMs employed in this 
study were provided by the MO-SCI Corporation. The glass is heat treated to form a 
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distinct silica-rich and sodium borate phase with an interconnected morphology. When 
the glass is drawn by a leaching process, it produces interconnected pores or channels. 
The diameter of the PWHGMs ranges from 10 to 100 μm. Generally, the pore sizes range 
from 20 to 200 nm and the shell thickness is between 0.5 to 2 μm. The shell thicknesses 
and porous apertures are proportional to the size of the spheres and the pore size can be 
tuned by the bead formation process. Fig. 2.1 shows scanning electron microscope (SEM) 
images of a PWHGM. The small hole shown in Fig. 2.1 (a) at the four o’clock location 
on the sphere is intentionally created by gently pressing the PWHGM with a glass slide 
so that the detailed structure of the shell shown in Fig. 2.1 (b) can be observed. A 
magnified cross-sectional image of the square area is shown at the top left corner of Fig. 
1(b), from which the worm-like porous structures can be clearly seen. 
 
Fig. 2.1. (a) Overview of a PWHGM; (b) the hollow cavity and porous structure 
of the PWHGM [100]. 
 
 
2.2 Porous Wall Hollow Glass Microsphere Optical Resonator 
2.2.1 Schematic and Experimental Setups 
The experimental setup is shown in Fig. 2.2. A fiber taper with a length of ~1 cm 
and a center diameter of ~2 μm is fabricated from a section of single mode fiber (Corning 
30 μm 3 μm
500 nm
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SMF-28) using a fiber stretching system. A PWHGM is placed in contact with the taper 
using a micro positioning system. When light from a tunable laser passes through the 
taper, part of it is coupled into the PWHGM microresonator where the whispering gallery 
mode is excited [1]. If the PWHGM is immersed in a chemical vapor, molecules are able 
to freely pass into the pores of the PWHGM. Concentration change of the vapor will alter 
the effective index of the resonator, shift the resonant wavelength, and be detected by 
measuring the wavelength shift via a photo detector. 
 




2.2.2 Transmission Resonance Spectrum 
Figrue. 2.3 shows a typical normalized transmission spectrum of a PWHGM 
resonator with a diameter of 75 µm in air. The diameter was measured using a measuring 
microscope. It was found that the amplitude of the resonance was proportional to the size 
of the sphere. For the 75 µm diameter PWHGM resonator, the Q factor was calculated to 
be 2.49×10
3 
at the resonant wavelength of 1549.27 nm. The corresponding full width at 
half maximum (FWHM) was 0.62 nm and the free spectrum range (FSR) was 6.61 nm. 
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Fig. 2.3. Transmission spectrum of a PWHGM resonator in air [100]. 
 
Compared with traditional microresonators based on solid glass beads, the Q 
factor is about  10
3
 times lower due to the higher scattering loss caused by the porous 
structure of a PWHGM. However, the porous structure that enables the mechanism that 
makes a PWHGM resonator a worthwhile chemical vapor sensor. Because molecules 
smaller than the pores can be easily adsorbed to the resonator and therefore detected by 
measuring the resulted resonant wavelength shift. 
 
2.2.3 Porous Wall Hollow Glass Microsphere Resonator for Chemical Sensing 
To demonstrate the capability of the PWHGM microresonator for use as a 
chemical vapor sensor, a series of experiments were performed by monitoring the 
response of the resonator to various types of vapors. During the experiments, the 
PWHGM microresonator was placed in a chemical vapor chamber, which was connected 
to the output of a bubbler placed inside an ice bath. The input end of the ice-immersed 
bubbler was linked to a nitrogen gas tank. The chemical-water solution sample was filled 
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in the bubbler and nitrogen gas served as a carrying gas, which under the control of a 
flow meter; brought the volatized chemical from the chemical sample into the test 
chamber. The vapor concentration was varied by changing the concentration of the 
solution. In all the experiments, the flow rate of the nitrogen was held constant. The 
resonator was interrogated by a broadband light source and the transmission spectrum 
was recorded by an optical spectrum analyzer.  
Vapors containing different concentrations of ethanol were measured. The results 
are shown in Fig. 2.4, from which it can be seen that an increase in the vapor 
concentration results in a corresponding shift in the resonant wavelength toward longer 
wavelength. The inset shows the wavelength shift as a function of the solution 
concentration. Measurements were performed five times at each concentration with the 
error bars shown in the figure. The curve-fitting of the resonant peaks was performed to 
eliminate the random intensity noises. The standard deviations based on the five-time 
measurement data at 5, 10, 25, 50 and 100% concentrations were 0.03, 0.03, 0.03, 0.04, 














































Fig. 2.4. Responses of the PWHGM sensor to vapors of different concentration 
of ethanol solutions. Insert: wavelength shift as a function of ethanol vapor 
concentrations [100]. 
 
The responses of the PWHGM microresonator sensor to different chemical vapors 
have also been tested. The spectrum change and resonant wavelength shift of the sensor 
to vapors from deionized (DI) water, pure ethanol and pure acetone, all mixed in a 
nitrogen carrier gas, are shown in Fig. 2.5. 
 




2.2.4 Sensitivity Enhancement 
In order to show the sensitivity improvement of PWHGM microresonators 
compared with those of traditional solid microsphere resonators, the responses to acetone 
and ethanol vapors from different concentration solutions were measured. Fig. 2.6 shows 
the wavelength shift as functions of the solution concentration for both kinds of 






























magnified by ten times in Fig. 2.6. The resonant wavelength of the resonator increased 
rapidly when the vapor concentration was low. The wavelength shift became slow at high 
vapor concentrations. The nonlinear relationship between the wavelength shift and the 
concentration agree qualitatively with the Langmuir adsorption model.  The response 
curves suggested that the PWHGM microresonator sensor has higher sensitivity at lower 
vapor concentrations. The PWHGM has shown different sensitivities to different types of 
chemical vapors. Adsorption of chemical vapors of different refractive indices may result 
in different amount of changes in the effective index of the glass-vapor mixture. 
Therefore, it is expected that the sensitivity of the PWHGM will depend on the size and 
polarity of the molecule, as well as the adsorption strength towards a specific molecule.   
From Fig. 2.6 it can be seen that when compared with the traditional solid 
microsphere resonator under the same experimental conditions, the vapor detection 
sensitivity of the PWHGM microresonator is significantly higher. The wavelength shift 
of PWHGM at 100, 25 and 5% acetone-water vapor were measured to be 3.46, 2.74 and 
1.69nm, respectively. In contrast, the wavelength shifts of the solid microsphere at 100, 
25 and 5% acetone-water vapor were measured to be 0.15, 0.14 and 0.07nm, respectively. 
The sensitivity of solid microsphere is apparently lower due to the nonporous surface, 
which lacks the capability of adsorbing molecules. 
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Fig. 2.6. Sensitivity comparison of PWHGM and solid microsphere for chemical 
vapor detection. (a) Acetone vapor on PWHGM; (b) Ethanol vapor on PWHGM; 
(c) Acetone vapor on solid microsphere and (d) Ethanol vapor on solid 
microsphere. The shifts in (c) and (d) are multiplied by ten times for better 
visualization [100]. 
 
In summary, a PWHGM was investigated as an optical microresonator for 
chemical vapor detection. Adsorption of chemical vapor molecules into the nano-sized 
pores in the wall of the PWHGMs changes the effective refractive index of the material, 
causing a shift in the resonance spectrum towards longer wavelengths. The amount of 
wavelength shift increased as the vapor concentration increased. It is expected that the 
sensitivity of the PWHGM will depend on the porosity and thus the averaged pore size. 
After calibration, this deterministic relation can be used for chemical vapor sensing. The 
Q-factor of the PWHGM is significantly smaller than that of a solid microsphere. 
However, because of the porous structure, it showed a higher sensitivity compared with a 

































SIMULATION AND MODELING OF THE POROUS GLASS MICROSPHERE 
OPTICAL MICRORESONATOR FOR SENSING APPLICATION 
 
3.1 Introduction of Porous Glass Microsphere Modeling 
In this chapter, the aim of our work is to theoretically explain the effect of 
different spherical resonator structures on chemical detection sensitivities. The 
computational model on the PWHGM microresonator is presented and the comparison of 
its corresponding experimental results was shown. 
The structures and resonance spectra of the WGMs in excited microsphere 
resonators have been studied theoretically in recent years [1, 98, 101-103]. Generally, 
spherical coordinates were used to characterize the mode numbers in WGM: angular 
mode l, azimuthal mode m and radial mode v. Fig. 3.1 demonstrate the models of WGMs 
in the solid glass microspheres and PWHGM. The solid glass sphere model is shown in 
Fig. 3.1 (a) with n0=1.0 and ns=1.45, and the PWHGM model in Fig. 3.1 (b) shows 
ns=n0=1.0 and np=1.45. 
 






3.2 Analytical Study and Simulation on Porous Glass Microresonator Sensor 
3.2.1 Analytical Study on Porous Glass Microsphere Optical Resonator  
The total internal reflection of light along the interface of microsphere wall and 
surroundings is shown in red arrowed lines in Fig. 3.1. The resonance wavelength λR can 
be expressed by the characteristic equation [98, 101-103]: 
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Equation (1) is the characteristic equation of solid glass microsphere resonator. 
Functions    and    are the spherical Ricatti-Bessel function and the spherical Ricatti-
Neumann function, respectively.  
Table 1 Parameters of Solid Glass Microsphere and PWHGM Models 
Microsphere types and parameters 
 Solid glass microsphere Porous wall hollow glass microsphere 
Diameter 
              
Porous wall 
Thickness 
    
Refractive index (RI) 
                                  
Sensitivity 
(  )   (  )           
Wave vector (before RI change) 
      
Electric field (before RI change) 
      
Resonance wavelength 
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Resonant wave number is shown as k=2π/λR. The characteristic equation for 
PWHGM can be expressed as [98, 101-103]: 
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In equation (2), prime denotes the derivative of a function by its argument and 
there is an exponential decay in the exterior solution at resonance. Given the angular 
mode l, a series of  λR, ka0 and ka1values satisfy the characteristic equations (1) and (2), 
which are referred as the first-order mode, the second-order mode, and the third-order 
mode, etc. In chemical vapor sensing simulation, the increasing effective refractive index 
δnp is considered and a resonance wavelength shift occurs accordingly. In the simulation 
modeling, the PWHGM wall thickness has a threshold, beyond which the PWHGM 
model can be simplified as a solid porous glass sphere to achieve the highest sensitivity 
and the best sensing characteristics. When h > h0, WGMs are mainly confined inside the 
porous wall, and the characteristic equation of PWHGM can be simplified to be the same 
as solid glass sphere characteristic equation, thus, the PWHGM can be simplified to an 
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ideally homogenous porous silica microsphere of radius a1 and refractive index ns = np = 
1.45, as shown in Fig 3.1 (a). 
 
3.2.2 Simulation of Porous Glass Sphere Resonator Sensitivity  
The effective RI change sensitivity at the interface of the microresonator and 
surroundings can be given by [98, 101-103]: 
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For solid glass microsphere, different forms of     ⁄   is given in TE and TM 
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Using equation (4) in the equation (3), the sensitivity can thus be expressed as [98, 
101-103]: 
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Compared to solid glass microsphere, the PWHGM shows a more complicated 
form as the RI of the porous silica shell with thickness h of should be considered. Thus, 
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In PWHGM resonator, the chemical sensing equation is given using equation (3.3) 
and (3.6) with TE and TM modes, respectively [98, 101-103]: 
    
      
              
   
 
 
    
  
 [
             
   (      )  
 (      )
     
   (      )  
 (      )
]
        (        )
 
 
   ∫ [    (     )]





   ∫ [    (     )]










      (   ) 
 
For the adsorption of chemical vapor molecules at the surface of the solid glass 
microsphere or into the porous channels of the PWHGM, the corresponding effective RI 
change results in the WGMs propagation optical path extension. Therefore, the TE and 
TM resonances shift with different wavelength range and shows diverse sensitivity 
response. 
In computational modeling, the PWHGM modeling is demonstrated rather than 
the solid glass sphere. Because both types of spheres follow a similar simulation step and 
solid glass microsphere resonator was shown with a relatively low sensitivity compared 
to the PWHGM resonator [105]. 
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In the simulation, first, varied sizes of PWHGMs with different sensitivity are 
demonstrated. Fig. 3.2 shows the sensitivity change of different sizes PWHGMs 
resonators in the fundamental TE modes as a function of wall thickness. PWHGMs with 
an increasing size are simulated with radius of 23 µm, 28 µm, 33 µm and 38 µm, 
respectively. The sensitivity increases as the porous wall gets thicker. The sensitivity of 
resonators in all sizes turns out to be in the same level when the sphere porous wall is 
thicker than 2 µm, which is the proposed wall thickness threshold for PWHGM resonator 
model simplification in modelling section. In practice, the PWHGM with diameter of 76 
µm was tested in the experiment. Thus, the simulation focuses on this specific size and 
investigated the porous wall thickness effect as well as its modes. 
 
Fig. 3.2. The chemical sensitivity of TE modes in PWHGM resonator at different 
sphere sizes as a function of porous wall increase [104]. 
 
Figure 3.3 gives the sensitivity variation trend of the 76 µm PWHGM under 
different wall thicknesses in several modes. The parameter a in the figure legend is the 































with different sensitivity. The figure demonstrates the increasing trend of sensitivity 
when the porous wall is getting thicker under different modes. For the first order modes, 
the highest increasing slope exists at the wall thickness between 1 µm and 2 µm. The 
sensitivity of first order modes stabilizes when the porous wall is thicker than 2 µm. The 
stability of second order occurs after 3 µm. The inset of Fig. 3.4 shows the actual wall 
thickness of the PWHGM. The fundamental TE and TM modes with v = 1 always 
provide a higher sensitivity comparing to higher order. 
In Fig. 3.3, the wall thickness in nanometre scale is also considered compared to 
Fig. 3.2. The fundamental modes of TE and TM show a high sensitivity increase from 
500nm to 1µm wall thickness. However, the second-order TE and TM modes do not even 
exist in that wall thickness range. Meanwhile, the fundamental TE mode shows a higher 
sensitivity than the fundamental TM mode in nanoscale wall thickness. Thus, the first 
order TE mode of PWHGM resonator is used to compare with the experiment. 
 
Fig. 3.3. PWHGM resonator chemical sensitivity change as a function of porous 
wall increase in TE and TM modes. The solid black curve is the first order TE 
mode; the solid red curve is first order tm curve; the dashed black curve is second 





























3.2.3 Comparison of Experimental and Simulation Results  
From Fig. 3.4 it can be seen that the simulation results agree well with the 
sensitivity increasing trend of the experiment data. The reason for a lower sensitivity in 
the experiment is that that acetone vapor may be diluted during the storage or 
transmission stage. 
 
Fig. 3.4. Simulation and experiment of PWHGM resonator for chemical vapor 
detection sensitivity. Black curve with square marker is the simulation and red 
curve with triangle marker is the experiment [104]. 
 
Computational model reveals the essence of molecular adsorption caused 
refractive index change on the sphere surface of a solid glass sphere and through the 
porous channels of a PWHGM. The computational simulation agreed well with the 
experimental results in the sensing trend. It is expected that the experimentally verified 
optical microresonator model can be used for prediction and optimization of the resonator 
































FIBER PIGTAILED THIN WALL COUPLED OPTICAL RESONATOR 
 
4.1 Introduction of Optical Resonator Excitation Methods 
Efficiently coupling light into and out of an optical microstructure is one of the 
most important steps in the study and application of WGM resonators. Different methods 
have been investigated to excite a WGM resonator through evanescent fields, including 
prisms, pedestal waveguides, side-polished optical fibers, angle-polished fiber tips, and 
fiber tapers [1, 5, 20, 79, 106-110]. By phase-matching the evanescent waves at the 
internal surface of a prism with the WGMs, light can be coupled into a microresonator 
[1]. Prism coupling is flexible and efficient. However, it is bulky and inconvenient in 
practical applications [106]. On-chip pedestal structures have been demonstrated for 
efficiently and reliably coupling light into a microsphere resonator [107]. However, the 
pedestal waveguide has a complicated structure and requires high fabrication precision. 
From the application perspective, fiber pigtailed couplers are preferred because of the 
convenience in light source coupling and signal detection. Side-polished optical fibers 
[108, 109] and angle-polished fiber tips [110] have been used to excite high-Q 
microsphere resonators. However, these two fiber couplers have shown low coupling 
efficiency. The side-polished optical fiber couplers were efficient (up to 20%, defined as 
the ratio between the power injected into a specific mode and the power carried by the 
coupler) for microspheres with a large diameter (~1 mm in diameter) and much less 
efficient for small resonators. The angle-polished fiber tip had an efficiency of about 
 33 
60%. Perhaps the most efficient fiber optic coupler is a fiber taper with a diameter less 
than 2 μm [5]. However, fiber tapers are fragile and sensitive to environmental 
perturbations.  
 
4.2 Development of Fiber Pigtailed Thin Wall Coupler 
In this chapter, we report a new robust coupler for excitation of the WGMs of 
microsphere resonator. The coupler has a fiber pigtail for convenient connection to a light 
source and a photodetector (or an optical spectrum analyzer). The microsphere resonator 
is dropped into and in contact with the thin-wall capillary tube. Light coupling into the 
resonator is through the evanescent fields of the capillary wall. As a result, the coupling 
is not only alignment-free but also mechanically robust.  
 
4.2.1 Optical Fiber and Capillary Tube 
A flexible fused silica capillary tube (FFSCT) (Polymicro Technologies, LLC) 
was used to fabricate the coupler. The capillary tube has an inner diameter of 75 μm, an 
outer diameter of 150 μm, and a wall thickness of 37.5 µm. The FFSCT was fusion 
spliced to a multimode optical fiber (Fiber Instrument Sales, INC 62.5/125). The arc 
power and duration of the fusion splicer (Sumitomo T-36) were adjusted to obtain a cone-
shape connection between the fiber and the capillary as shown in Fig. 4.1(a). A 
microsphere was then fed into the capillary tube till it stopped at the bottom of the conical 
area and was stably held by the capillary wall as shown in Fig. 4.1(c). The microspheres 
used in this study were provided by MO-SCI Corporation, consisting of a distinct silica-
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rich and sodium borate phase with a solid morphology. The diameter of the glass 
microspheres ranged from 50 to 75 μm, which could be easily inserted into the capillary.  
 
Fig. 4.1. Microscopic images of the fiber pigtailed thin wall capillary coupler at 
various fabrication steps. (a) Before and after etching, (b) SEM image of the 
etched capillary wall with a thickness of about 2 m, (c) Etched capillary with a 
microsphere inserted [111]. 
 
4.2.2 Chemical Etching 
After placement of the microsphere, the opening end of capillary cavity was 
sealed by fusion splicing it to a short section of optical fiber. Hydrofluoric (Acros 
Organics, 20%) acid was then to etch and reduce the thickness of the capillary wall. The 
wall thickness of the capillary was controlled during the etching process by varying 
etching duration. Upon reaching the desired wall thickness, the etched capillary can be 
opened by cleaving to allow the encapsulated microsphere to access the environment for 
sensing applications. 
Figure 4.1 shows a set of images of the fiber pigtailed coupler during the various 
steps of fabrication. Fig. 4.1(a) shows the microscopic images of the structure before and 
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etched capillary wall with the wall thickness estimated to be about 2 μm. The final 
assembled WGM resonator structure is shown in Fig. 4.1(c), where the microsphere is 
held by the etched capillary wall. 
 
4.2.3 Thin Wall Capillary Waveguide Field Distribution 
To verify the waveguide capability of the etched capillary wall, the near-field 
power distribution of the fiber pigtailed coupler was measured using a setup as shown in 
Fig. 4.2(a). The capillary was fusion spliced to a multimode fiber, etched to have a wall 
thickness of about 5 μm, and cleaved to a length of about 300 μm. A tunable laser at the 
wavelength of 1550 nm was connected to the multimode fiber as the source. An end-
cleaved single mode fiber with a core diameter of 3 μm (Fibercore SM450) was mounted 
on a three dimensional translation stage and positioned at a distance of about 20 µm from 
the cleaved end face of the capillary. The other end of the single mode was connected to 
an optical power meter. Via computer control, the single mode fiber scanned through the 
area to map the near-field power distribution of the coupler structure. 
Figure 4.2(b) shows the measured line-scan power distribution profile across the 
center of the capillary tube as shown in the inserted SEM image. The distance between 
the two power intensity peaks was measured to be 79 μm, which agreed well with the 
dimension of the thin capillary. The power distribution measurement indicated 
qualitatively that majority of power was guided through the capillary wall.  
 36 
 
Fig. 4.2. Measurement of the near-field power distribution of the fiber pigtailed 
thin wall capillary waveguide. (a) Schematic of the near-field power distribution 
measurement system, (b) Line-scan power distribution profile [111]. 
 
 
Optical beam propagation using RSoft was applied to analyze the field intensity 
distribution with capillary wall thickness change. In Fig. 4.3, two structures with different 
wall thickness were demonstrated with field distribution along the wave propagation. 
When the wall was 15 µm, majority of the intensity was confined within the capillary 
wall. The intensity power tails started to “leak” out of the capillary wall boundaries, 
especially in the cone shape area. This amount of power propagating in free space can be 
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Fig. 4.3. RSoft simulation of beam propagation with different wall thicknesses: 
(a) 15µm and (b) 5 µm. 
 
4.3 Thin Wall Capillary Coupled Microsphere Resonator 
4.3.1 Excitation Schematics 
Figure 4.4 shows the schematic structure of the fiber pigtailed thin wall capillary 
coupled microsphere resonator as well as the experiment setup to interrogate the 
resonator. The coupler is made by fusion splicing a capillary tube to an optical fiber. The 
arc power of fusion is controlled so that a cone shape is formed at the connection of the 
fiber and the tube. The structure is then chemically etched to reduce the capillary wall 
thickness to a few microns. A microsphere can be dropped into the thin wall capillary 
tube from the opening. It stops at the cone shape, being in contact with the inside wall of 
the etched capillary tube.  
To interrogate the resonator, the light from a tunable laser source (Agilent 8168F) 
passes through a 3dB fiber coupler, splits at the cone shape into the wall of the etched 
capillary, a certain portion of the evanescent wave was coupled into the microsphere to 
excite the WGMs. The WGMs are coupled back to the capillary wall in the opposite side. 
The light propagates backwards to the optical fiber through the cone shape, and can be 
detected by a photodetector (Agilent 8163A). By scanning the wavelength of the tunable 
laser source, the resonance spectrum is recorded. The circular periphery of the 
microsphere is in contact with the etched capillary wall. Therefore, multi-paths of WGMs 
can be excited. 
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Fig. 4.4. Schematic of the fiber pigtailed thin wall capillary coupled whispering 
gallery modes microresonator and interrogation setup [111].  
 
4.3.2 Coupling Efficiency and Wall Thickness Dependency   
The effect of wall thickness on WGM excitation has also been investigated 
experimentally. The glass microsphere used in the experiments had a diameter of 68 µm. 
During the etching process, the structure was pulled out from the etching liquid every 
minute, cleaned and dried. The wall thickness was then measured using a measuring 
optical microscope (Nikon MC-203) and the reflection spectrum of the resonator 
structure was recorded using the setup shown in Fig. 4.4.  
Figure 4.5(a) shows the recorded reflection spectrum of the resonator at the 
etching times of 0, 15, 20, 25, 25.5 and 26 minutes, respectively. The wall thicknesses at 
these time intervals, estimated based on the assumption of a constant etching rate, were 
37.5, 12, 8, 4, 2 and < 1 µm, respectively. At the etching time of 15 minutes, the spectra 
started showing periodical coupling and the average intensity increased by 3 dB 
compared to the original structure before etching. At the etching time of 20 minutes, the 
periodical spectra were observable. At the etching time of 25 minutes, the coupling 















etching time of 26 minutes, the resonance disappeared and the average reflection 
intensity dropped significantly, indicating that the capillary tube was etched through. 
Figure 4.5(b) shows the calculated Q-factor and peak intensity of the resonance as 
a function of etching time, where both the Q-factor and peak intensity increased 
drastically when the wall thickness decreased to a few microns after 20 minutes of 
etching. However, when the etching time passed 25 minutes, both the Q-factor and peak 
intensity dropped. In addition, the periodical spectra began to diminish. The experiment 
clearly showed the under coupling, critical coupling and over coupling when the wall 
thickness changed as the etching process progressed. 
 
Fig. 4.5. Progress of coupling as a function of etching time. (a) Reflection 
resonance spectrum at various etching times, (b) Resonance Q-factor and peak 
intensity as a function of etching time. Inset table, the wall thickness estimated 
based on etching time [111]. 
 
 
4.3.3 Reflection Resonance Spectrum and Analysis 
Figure 4.6 shows the reflection spectrum of a fiber pigtailed thin wall capillary 
coupled microsphere resonator with a diameter of 71 µm in air. The wall thickness was 
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pattern of periodic resonant peaks. In addition to the strongest set, other set of resonance 
peaks are also identifiable. As shown in Fig. 4.6, the Q-factor of the dominant resonance, 
at the resonant wavelength of 1535.114 nm, has a full width at half maximum (FWHM) 
of 0.134 nm. The Q-factor was calculated to be 1.14×10
4
 and the free spectrum range 
(FSR) was 7.25 nm.  
Light coupling from the capillary wall into the microsphere is similar to the case 
of using tapered fiber as the coupler whose propagation constant matches that of the 
WGMs. The wall thickness used in our experiment was about 5 m, which was larger 
than the typical diameter of commonly used fiber tapers. We expect that the lowest radial 
mode number (n = 1) WGM was preferentially excited [5]. The group index ng of the 










                     (4.1) 
where λ1 and λ2 correspond to the adjacent resonance peak wavelengths and R is 
the microsphere radius. Using the data shown in Fig. 4.6, the effective group index was 
calculated to be 1.496, which was close to the index (1.47-1.51) of the microsphere 
material (borosilicate glass) [112], suggesting that the fundamental mode (n = l, l = |m|) 
was excited. The corresponding mode order numbers are provided in Fig. 4.6.  
When an optical fiber taper is used to excite a microsphere resonator, light 
coupling is mainly in single orbital plane. The etched capillary wall coupler described 
here can couple light into a microsphere in many orbital planes along the circular 
peripheral contact between the microsphere and the capillary wall. Because the 
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microsphere usually has an imperfect sphericity, multiple set of resonance peaks are 
expected, as seen in Fig. 4.6. The Q-factor of the capillary wall coupled microresonator 
observed in our experiments was lower than that excited by a fiber taper. The low Q-
factor may be attributed to several reasons. First, the fundamental modes excited in 
different orbital planes may have slightly different optical paths. As a result, the actual 
FWHM might be broadened. Second, the solid microspheres used in the experiments 
were made of borosilicate glass which has higher optical loss compared with the fused 
silica microspheres. Third, the microsphere was in contact with the capillary wall.  
As result, the coupling was not at the highest efficiency position where the 
excitation waveguide should be placed at a slight distance (about 300 nm) from the 
resonator [113]. The contribution mechanisms of these and other possible reasons deserve 
a detailed study and will be the subject of further research.  
 
Fig. 4.6. Reflection spectrum of the thin wall capillary coupled microsphere 
resonator in air, with mode identification numbers. Inset: Zoom-in spectrum of 
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 λ = 0.134 nm
Q = 1.14×104
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On the other hand, the thin wall capillary contact-type coupler provides a robust 
support for the microsphere resonator. The microresonator and the coupler are well-
integrated and mechanically stable. 
In summary, we have demonstrated a fiber pigtailed thin wall capillary structure 
for excitation of WGM microsphere resonators. Light coupling is through the circular 
peripheral contact between the microsphere and the supporting capillary wall. By etching 
the capillary wall to a thickness of a few microns and using a borosilicate glass 




The coupling conditions as a function of the wall thickness have been 
experimentally studied showing the under coupling, critical coupling and over coupling 
as the wall thickness reduced. The coupler operates in the reflection mode and provides a 
robust mechanical support to the microsphere resonator. It is expected that the new 




CONVENIENT PROBE FOR SENSING AND LASING APPLICATIONS 
 
5.1 Integration of Porous Glass Microsphere with the Thin Wall Capillary 
Thin wall capillary was proven as an efficient waveguide for the integration of 
optical microresonator. In addition to further extend its sensing efficiency, here we show 
a convenient chemical sensor probe using porous glass microsphere (PGM) optical 
microresonator coupled by the fiber pigtailed thin wall waveguide. The evanescent field 
along the surface of the capillary inner wall couples to the PGM and a multi-path 
spherical microresonator is realized. Surrounding chemical vapor adsorbed by the porous 
channels leads to a refractive index change and then a resonance wavelength shift is 
quantified. The porous structure of the PGM enhances the adsorption of chemical vapor 
molecules; consequently, the interaction between the molecule and the WGMs circulating 
inside the resonator is boosted. The multi-directional and supportive structure ensures the 
sensor robustness. Together with the porous structure, the robustness of the sensor 
realizes a convenient, in-situ, highly sensitive chemical sensor probe.   
 
5.2 Convenient Chemical Sensor Probe 
5.2.1 Chemical Sensor Probe Sensing Principle 
Figure 5.1 demonstrates the schematic of the chemical sensing using the thin wall 
waveguide excited PGM resonator. First, the PGM is coupled by the input light and a 
WGMs resonator is realized, shown as the red circle near the PGM inner surface in Fig. 
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5.1(a). Second, the chemical vapor enters the capillary cavity and fully fills the porous 
channels of the PGM (in Fig. 5.1(a), shown as the orange color arrows through the 
PGM), changes the effective refractive index of the PGM and leads to a wavelength shift 
in the output resonance signal. The micro window provides a free path for the chemical 
vapor flow. In Fig. 5.1(b), the worn-shape porous structure of the PGM provides enough 
nano-scale pores for the molecules and enhances the chemical vapor adsorption. 
Comparing to solid microsphere, which interacts with the chemical at the sphere surface, 
the PGM fully adsorbs the chemical vapor molecules into the sphere shell and further 
changes the PGM refractive index. The opening of the capillary cavity in Fig. 5.1(c) 
offers sufficient access for the incoming chemical. 
 
Fig. 5.1. Optical microresonator chemical sensor probe: (a) chemical vapor flow 
path in the sensor probe; (b) SEM of the porous structure of the PGM; (c) the 
cross section of the capillary wall. 
 
Figure 5.1 demonstrates the schematic of the chemical sensing using the thin wall 
waveguide excited PGM resonator. First, the PGM is coupled by the input light and a 










5.1(a). Second, the chemical vapor enters the capillary cavity and fully fills the porous 
channels of the PGM (in Fig. 5.1(a), shown as the orange color arrows through the 
PGM), changes the effective refractive index of the PGM and leads to a wavelength shift 
in the output resonance signal. The micro window provides a free path for the chemical 
vapor flow. In Fig. 5.1(b), the worn-shape porous structure of the PGM provides enough 
nano-scale pores for the molecules and enhances the chemical vapor adsorption. 
Comparing to solid microsphere, which interacts with the chemical at the sphere surface, 
the PGM fully adsorbs the chemical vapor molecules into the sphere shell and further 
changes the PGM refractive index. The opening of the capillary cavity in Fig. 5.1(c) 
offers sufficient access for the incoming chemical. 
 
5.2.2 Chemical Sensing Setups and Tests 
The chemical sensing setup is schematically shown in Fig. 5.2. The light from the 
tunable laser source (HP-8168F) transmits through the multimode optical fiber (Fiber 
Instrument Sales, INC 125/62.5) and 50/50 coupler, and then launches at the cone-shape 
area of the thin capillary cavity. Then the light splits into multiple optical paths and 
propagates along the capillary thin wall, shown as the light blue line along the capillary 
structure in Fig. 5.2 (a). A certain portion of the evanescent wave couples into the PGM 
to excites the WGMs, shown as the yellow color circular along the surface of the PGM in 
Fig. 5.2 (a). Then the WGMs couples back to the capillary wall in the opposite side. The 
light propagates backward to the optical fiber through the cone-shape and detected by the 
photodetector (Agilent 8163A). Multi-paths of WGMs are excited due to the circular 
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periphery of the microsphere in contact with the capillary inner wall. The resonance 
spectrum periodical peaks can thus be obtained by scanning the wavelength of the 
tunable laser.  
In chemical sensing test, the probe is placed inside a stainless steel (SS) tube 
chamber. The ethanol vapor concentration is adjusted by changing the mixture portion 
between pure nitrogen gas and ethanol vapor in the SS chamber.  
The chemical molecules adsorbed by the porous channels of the microsphere lead 
to a certain refractive index change, shown as Fig. 5.2 (b). A relative resonance 
wavelength shift can be monitored and recorded by a programmable controlled optical 
spectrum analyzer (Ando AQ6319). 
 
Fig. 5.2. Schematic of thin wall capillary coupled porous glass microsphere 
resonator for chemical sensing. TLS: tunable laser source, PD: photodetector. (a) 
Chemical sensor probe with fs laser fabricated micro-window and (b) wavelength 





























5.2.3 Porous Glass Microsphere and Integration with Thin Wall Coupler 
In this experiment, the fabrication of the thin wall capillary coupler is 
demonstrated in previous chapters. After the complete fabrication of thin wall coupler, a 
PGM was dropped into the capillary tube until it stopped at the conical area and stably 
held by the capillary wall as shown in Fig. 5.2(a).  
The MO-SCI Corporation provided the PGMs in the experiment. PGMs are 
composed of a chemically stable sodium borosilicate glass material constructed in the 
form of a tortuous network of nanometer-scale channels. The glass is heat treated and 
drawn by a leaching process to produce interconnected pores or channels. The PGMs 
range from 50 μm to 75 μm in diameter. The pore diameter ranges from 20 nm to 200 nm. 
The size of the porous channels ensures the molecule adsorption and the supportive 
circular structure guarantees the robustness of the probe. 
 
5.2.4 Femtosecond Laser Micro-window Fabrication 
The micro window in Fig. 5.2(a) was created by a lab-integrated femtosecond 
laser (fs) 3D micro machining system with a regeneratively amplified Ti: Sapphire fs 
laser (Coherent, Inc.). The repetition rate, center wavelength, and pulse width of the 
femtosecond laser were 250 kHz, 800 nm, and 200 fs, respectively. The initial maximum 
fs laser output of 0.8 w was attenuated down to 120 mw using a combination of laser 
beam optics, halfwave plates, polarizer and neutral density filters for the objective of 
higher precision fabrication [114]. The dimension of the window was 20 by 20 µm square. 
Because the capillary exhibits a multi-path coupling to the PGM, then the micro window 
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interruption slightly impairs the overall coupling efficiency. The fs laser fabricated micro 
window assures the unobstructed chemical flow path from the tube opening through the 
PGM porous channels until across the micro window, and the vapor saturation effect in 
the cavity is alleviated. Thus, the sensor lifetime extends for multiple tests.  
 
5.2.5 Resonance Spectrum of Porous Glass Microsphere Resonator 
Figure 5.3 shows a reflective resonance spectrum of a PGM resonator with a 
diameter of 72 µm under room temperature. The wall thickness was determined to be 
about 2 µm based on the SEM image. The spectrum shows a clear pattern of periodic 
resonances. The Q-factor of the 72 µm PGM resonator was calculated to be 1.38×103 at 
the resonant wavelength of 1599.48 nm. The corresponding full width at half maximum 
(FWHM) was 1.16 nm and the free spectrum range (FSR) was 7.61 nm. The mode order 
numbers are provided in Fig. 5.3. 
 































The Q-factor is relatively lower than the resonator coupled by fiber taper [113]. 
This can be attributed to several aspects. First, the porous structure of a PGM introduced 
higher scattering loss compared to solid silica glass. Second, the contact coupling 
approach was not the best option for high efficiency coupling, in which the excitation 
waveguide should be at a certain distance (~300 nm) from the resonator [113]. Though 
the Q was degraded due to the porous structure induced scattering loss, however, this 
porous channel structure with high adsorption rate makes PGM resonator a useful 
chemical vapor sensor. Because chemical vapor molecules smaller than the sizes of the 
pores can be easily adsorbed to the resonator and therefore detected by measuring the 
subsequent resonance wavelength shift.  
Meanwhile, the capillary coupler demonstrated a coupling structure with 
relatively higher robustness than fiber taper. As a result, the thin wall capillary coupled 
PGM microresonators shall provide high sensitivity for chemical sensing with improved 
robustness for potential field tests.  
 
5.3 Sensor Probe Chemical Vapor Response 
Figure 4 shows the chemical sensing results based on the thin wall capillary 
coupled PGM optical resonator sensor probe. Experiments were performed by monitoring 
the resonance peak responded to the increasing concentrations of ethanol (sigma-aldrich,
≥99.8%) vapors. In the experiment, a 57 µm PGM was tested and the capillary coupled 
PGM resonator sensor probe was horizontally placed in a chemical vapor chamber, which 
consist of gas supply and vent system as shown in Fig. 5.2. The ethanol solution was 
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filled in the ice bubbler and nitrogen gas was served as the carrier under the control of a 
flow meter valve. The ethanol vapor concentration was calculated based on the vapor 
pressure at 0 °C and the diluting gas flow rate. The tests were performed at local 
atmospheric pressure and room temperature. 
 
Fig. 5.4. Sensor response to ethanol vapor concentration change in N2 gas carrier. 
Insets: (a) resonance spectrum shift with ethanol concentration increase and (b) 
the dimension comparison between the sizes of the sensor probe and a one-cent 
coin. 
 
In the experiment, the tested vapor concentration was set at 0 ppm, 128.7 ppm, 
254.8 ppm, 378.3 ppm, 500.5 ppm and 618.8 ppm, respectively. The sensor resonance 
responses to ethanol vapor concentration are shown in Fig. 5.4 (a), from which can be 
seen that the increasing ethanol vapor results in a resonance shift towards longer 
wavelength. Curve-fitting of the resonance was done to minimize the random intensity 
noises. In each set of test, the sensor probe exhibited an ultra-fast response time for less 







































concentration change and provided an obvious correlativity for quantitative measurement. 
A parabolic relationship between the ethanol vapor concentration and resonance 
wavelength shift is shown in Fig. 5.4. This is because the adsorption of molecule into the 
porous channels is nonlinear. Fig. 5.4 (b) shows the volume comparison between the 
miniature size of the sensor probe and the size of a penny.  
During the chemical vapor tests, the multi-directional WGMs coupling scheme 
fully extended the interaction area between the sensor and the surroundings. Compared to 
the single dimensional coupling using fiber taper, the fragility nature of fiber taper was 
improved by using a relatively robust capillary wall as the coupler and the resonator 
supporter. 
In this section, we have shown an innovative miniaturized chemical sensor based 
on thin wall capillary coupled porous glass microsphere optical resonator was proposed 
and experimentally investigated for chemical vapor sensing. The fiber pigtailed thin wall 
capillary was proven as an effective coupler for the excitation of WGMs in porous glass 
microsphere. The ethanol concentration change resulted in the vapor molecule adsorption 
in the porous channels, which led to the variation of effective refractive index, causing a 
resonance shift towards longer or shorter wavelength. After calibration, this response can 
be used for chemical vapor detection. The capillary wall coupled microresonator sensing 
structure unchains the limitation of optical microresonator in lab use and makes it a 




5.4 Optical Resonator Thermal Sensor  
5.4.1 Introduction of Optical Thermal Sensors  
Another application for thin wall capillary coupled optical resonator is its use in 
thermal sensing. Accurate temperature monitoring is important in many areas such as 
environmental control [115], food processing [116] and chemical handling [117]. Optical 
fiber thermal sensors have a variety of benefits that include lightweight and small size, 
electromagnetic interference immunity, high sensitivity and possibility of implementing 
multiplexed or distributed sensor arrays [75]. Various types of optical fiber based 
temperature sensors were demonstrated including fiber gratings [76, 118, 119], optical 
interferometers [114, 120] and optical micro resonators [121, 122]. A fiber Bragg grating 
was reported to have a temperature sensitivity of about 0.013 nm/°C [119] and a long 
period fiber grating yielded a higher sensitivity of about 0.093 nm/°C [123]. Fiber inline 
Mach–Zehnder interferometer was shown a thermal response of 0.082 nm/°C [120] and 
the sensitivity of a femtosecond laser fabricated Michelson interferometer was estimated 
to be 0.015 nm/°C [114]. Although these grating and interferometer based optical fiber 
sensors possess high temperature sensitivity, the physical dimensions are typically in the 
range of millimeter to centimeter, which is excessive for sensing applications in a small 
volume, such as cell cultures and microfluidics.  
On the contrary, WGMs optical microresonators, which are on the scales of 
micrometers, can be used for temperature measurement in a small volume with high 
precision [1]. In addition, the temperature sensitivity of microresonators can be further 
enhanced by the integration with polymer materials, offering one order of magnitude 
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sensitivity improvement compared with traditional silica glass material based optical 
fiber sensors [121, 122]. 
 
5.4.2 Polymer Microsphere  
In this section, a Poly (methyl methacrylate) (PMMA) microsphere coupled by a 
thin wall capillary was investigated as an optical microresonator for temperature sensing. 
An optical fiber fusion spliced to a hollow silica capillary tube with a wall thickness of 
several microns was used to interrogate the PMMA microsphere. The combined thermo-
optic and thermo-expansion effects of the PMMA material led to a shift in the resonance 
wavelength. The thin wall capillary excited PMMA optical microresonator was 
demonstrated as an alignment-free temperature-sensing probe with a higher sensitivity 
compared to silica resonator temperature sensors. This miniature sized convenient 
sensing structure may find broad applications in biomedical applications. 
 
5.4.3 Schematic of PMMA Optical Resonator Thermal Sensor 
The thin wall capillary coupled PMMA optical microresonator for temperature 
sensing is schematically illustrated in Fig. 5.5. The coupler was made by fusion splicing a 
capillary tube (Polymicro Technologies, LLC, ID/OD 75/150 μm) to a multimode fiber 
(Corning, 62.5/125). At the joint point, a cone shape was formed. A PMMA microsphere 
(Cospheric, PMPMS, 65-90 μm) was inserted into the capillary till in contact with the 
capillary wall at the cone portion. The far end of the capillary was then sealed by arc and 
 54 
chemically etched using hydrofluoric acid (Acros Organics, 20%) to reduce the wall 
thickness down to about 2 μm. 
 
Fig. 5.5. Schematic of thin wall capillary coupled PMMA microresonator for 
thermal sensing. 
 
5.4.4 Analysis of PMMA Material Thermal Response 
The high thermo-optic and thermal expansion coefficients of the PMMA material 
make it a good candidate for temperature sensing. When the probe was dipped into the 
water bath (Fisher Scientific Isotemp 205 Digital Waterbath), the PMMA resonator 
responded to the temperature change to produce a wavelength shift. The thermal response 
to resonance shift can be modeled using the following equation [121]: 
0
1 1dn dD





    (5.1) 
where dn⁄(dT )and dD/dT are the coefficients of thermo-optic coefficient (TOC) 
and cofficient of thermalo -expansion (CTE), respectively. λ0 is the resonance at cold 
cavity, D is the diameter of the microsphere, Δλ and ΔT are the resonance shift and 
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temperature change of the PMMA microcavitymicroresonator, respectively. The CTE of 
the PMMA microsphere is 2.02×10
-4
/°C and the TOC is -1.13×10
-4
/°C [124]. Compared 
to silica material, the TOC and CTE of PMMA are three orders and one order higher 
[122], which proves the capability of higher sensitivity measurement using PMMA 
microresonator, respectively.  
 
5.4.5 Integration and Cavity Seal 
Figure 5.6(a) shows the overview microscopic image of the capillary wall coupled 
PMMA microsphere resonator sensor, where the PMMA microsphere is in contact with 
thin wall capillary at the cone region. In Fig. 5.6(a), the yellow light enters the thin wall 
of at the spliced joint between the fiber and the capillary.  
The light is partially coupled into the PMMA microsphere through the evanescent 
field, shown as the red color circular inside the PMMA microsphere and an optical 
resonator is thus realized. The WGMs are coupled back and the light propagates 
backward through the cone shape and detected by the photodetector.  
To prevent the contamination, a capillary tube with larger dimension (ID/OD 
250/350 µm) protected the whole sensor probe as a sleeve. Fig. 5.6(b) shows the 
microscopic images of the silica glass microspheres and the PMMA microspheres under 
the same observation condition. 
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Fig. 5.6. Overview of the capillary wall coupled resonator thermal sensor. (a) 
The etched capillary integrated with PMMA microsphere; (b) Microscopic 
images of silica and PMMA spheres under the same observation conditions. 
 
Meanwhile, a sealing process using UV epoxy was also tried instead of using 
capillary sleeve. When the PMMA microsphere was integrated with the capillary, certain 
amount of UV adhesive was attached to the open end of the capillary. After UV exposure, 
the end of the capillary can be firmly sealed, shown as the next figure: 
 
Fig. 5.7. Capillary opening end seal process. 
 
5.4.6 Resonance Spectrum of the PMMA Microsphere Resonator 
Figure. 5.8 shows a resonance spectrum of a 85 µm PMMA optical resonator in 
room temperature. The spectrum shows a clear periodic resonance pattern. The Q-factor 
was calculated to be 2×10
3
 at the resonant wavelength of 1536.37 nm. The corresponding 
full width at half maximum (FWHM) was 0.76 nm and the free spectrum range (FSR) 
was 5.93 nm. The mode order numbers are also provided in the figure.  
Compared to silica glass microsphere excited by a fiber taper, the Q-factor of 
capillary wall coupled PMMA sphere resonator was lower. The reasons for low Q-factor 





(a) PMMA Silica (b) 
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can be attributed to several aspects. The PMMA sphere was in contact with the inner 
capillary. Thus, the coupling was not at the best coupling position where the excitation 
waveguide should be at a slight distance (~300 nm) from the resonator [111]. From the 
material aspect, the silica microspheres had a better transparency while the PMMA beads 
less transparent due to material nature, as shown in Fig. 5.6 (b), suggesting higher optical 
loss of the PMMA material. Meanwhile, the PMMA sphere surface roughness might also 
contributed to a higher scattering loss and lowered the internal Q-factor. 
  
Fig. 5.8. Reflection resonance spectrum of the PMMA resonator coupled by thin 
wall capillary.  
 
 
As a comparison, the resonance of the same coupling approach to borosilicate 
glass microsphere was also tested. The Q was calculated as ~10
4
 and higher order modes 
coupling can be observed. The reflection resonance spectrum signal was acquired when 























Fig. 5.9. Reflection resonance spectrum of the borosilicate glass microsphere 
resonator coupled by thin wall capillary in DI water.  
 
Although the Q-factor of the thin wall capillary coupled PMMA microsphere 
resonator is low, PMMA is more sensitive to temperature variations comparing to silica 
glass from the material aspect. Meanwhile, the capillary coupler demonstrates a robust 
excitation approach compared to the fiber taper coupling. As a result, the capillary wall 
interrogated PMMA microresonators shall have a higher thermal sensitivity and present 
practical temperature measurement in biomedical applications. 
 
5.4.7 Thermal Sensor Temperature Response 
To quantify the temperature measurement, the sensor was then immersed into the 
bath, as shown in Fig. 5.5. The testing temperature range was set from 28 °C to 36 °C, 
and the temperature increments were taken stepwisely. The linear relationship between 


























shift of 4.5 nm was noticed upon the eight degrees change. Curve-fitting of the resonant 
peaks was applied to reduce the random intensity noises. The PMMA microsphere 
resonance thermal response results are shown in Fig. 5.10 (a), which indicates that the 
increasing temperature leads to a resonance shift towards longer wavelength. Figure 5.10 
(b) shows the resonance spectrum of the PMMA resonator and the resonance peak at 
1536.31 nm is studied as the target in temperature sensing and the estimated sensitivity is 
0.62 nm/°C from the estimate. Based on the measurement, the sensitivity is similar to 
PDMS coated silica microsphere [122] and one order higher than the silica microsphere 
and traditional fiber Bragg grating [123]. The difference in experimental result and 
theoretical estimate is because of the change in microsphere movement due to expansion, 
so that the coupling condition thus varies. 
 
Fig. 5.10. Resonant wavelength shift as a function of temperature increase. Left: 
Thermal responses of the PMMA optical microresonator sensor at different 
temperatures, right: linear-fit of the thermal response. 
 
In comparison, the borosilicate sphere integrated thermal probe was also tested, as 












































linear relationship between the resonance shift and the temperature change is shown in 
the figure. The peak at 1585 nm was monitored for its thermal response. A total 
wavelength shift of 0.08 nm was noticed upon the eight degrees change. Curve-fitting of 
the resonant peaks was applied to reduce the random intensity noises. Again, the thermal 
response trend of the borosilicate glass microsphere indicates that the increasing 
temperature leads to a resonance shift towards longer wavelength. The estimated 
sensitivity is 0.01 nm/°C from Fig. 5.11.  
 
Fig. 5.11. Resonant wavelength shift as a function of temperature increase based 
on borosilicate microsphere resonator. (a): Thermal responses of the borosilicate 
optical microresonator sensor at different temperatures, (b): detailed information 
of the peak at 1585 nm; (c) linear-fit of the thermal response. 
 
In this design, the multipath reflective coupling structure provided an effective 












































































between the resonator and the surroundings is enlarged compared to the single 
dimensional coupling. Also, the fragility nature of fiber taper was improved by using the 
thin wall capillary as a reliable coupling waveguide, which helped this structure to be a 
convenient portable sensing probe. Moreover, the sensitivity has been improved by 60 
times when polymer sphere was used. This provides a potential for highly sensitive 
temperature measurement. When combined with a high-resolution detection equipment 
(0.001 nm per step), then a highly precise measurement can be realized. 
In summary, a fiber pigtailed thin wall capillary coupled PMMA microresonator 
was proposed and experimentally investigated for thermal sensing. The temperature 
change led to the variation of thermo optic and expansion coefficients in PMMA 
microsphere, causing a shift in resonance spectrum towards longer or shorter wavelengths. 
After calibration, this deterministic relation can be used in temperature measurement.  
This structure realized a miniaturized temperature sensor probe with high 
sensitivity compared to silica resonator sensor. Meanwhile, the perturbation of the 
resonator sensor was improved. This multipath reflective capillary wall structure offered 
a beneficial coupling platform with higher robustness as well as a convenient portable 
temperature sensor probe in biomedical applications. 
 
5.5 Refractive Index Measurement 
5.5.1 Schematic of Refractive Index Sensor Probe 
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Refractive index measurement is important in food industries. Precision 
measurement of index change corresponding to sample concentration variation is crucial 
for security purpose.  
In this section, a sealed cavity with borosilicate glass microsphere was integrated 
with the thin wall capillary and tested for refractive index sensing. Liquid phase 
refractive index change was tested with glucose at different concentrations. The 
schematic of the refractive index sensing is shown in the next figure. When the capillary 
coupled resonator sensor was dipped into the glucose sample, an increasing concentration 
of the solution was realized by adding standard sugar into the solution. A constant 
resonance peak decrease can be noticed thereafter. 
 
Fig. 5.12. Schematic of thin wall capillary coupled glass microsphere resonator 
for refractive index sensing. 
 
5.5.2 Resonance Spectra of the Refractive Index Sensor 
The resonance spectra in DI water is shown in the next figure as the testing start 
point. Q factor of 10
5
 was noticed at the higher order modes (third outstanding peak in 






















Fig. 5.13. Resonance spectrum of the capillary coupled resonator in DI water. 
 
5.5.3 Refractive Index Measurements 
Refractive index ranging from 1.3344 to 1.3847 with fifteen samples was tested 
with increasing glucose concentrations. The RI change corresponds to the different 
concentration of the glucose solution. The resonator response to RI change can be seen 
from Fig. 5.14. The resonance intensity starts to decrease as an increase of refractive 
index. Different color corresponds to each refractive index value, i.e. glucose 
concentration. Fifteen refractive index samples were measured. Test stopped at the 





























Fig. 5.14. Resonance spectrum response as refractive index increases. 
 
In each resonance peak group, three most significant resonance peaks were 
analyzed, marked in the labeled dash circles, shown in Fig. 5.13. The reason of choosing 
this specific resonance group (peak 1: 1553.21 nm, peak 2: 1552.13 and peak 3: 1555.11) 
is due to the highest visibility throughout the wavelength range. 
 































The relationship of peak intensity as a function of RI responses of the three 
resonance peaks were analyzed and shown as below.  
 
Fig. 5.16. Refractive index measurement. (a) Response of the most significant 
resonance  (b) response of the second most significant resonance (c) response of 
the third most significant resonance. 
 
Intensity in decibel (black) and standard (red) units were shown in the figure. 
Linear relationship can be seen in decibel unit in the range of 1.35 to 1.38. In standard 
unit, the slope exhibits slower trend at the beginning and the end, sharp change exists 
between 1.34 to 1.365 in the most significant peak, 1.34 to 1.36 in the second most 
significant peak and 1.345 to 1.355 in the third significant peak; linear relationship can be 
noticed with these regions.  
This indicates the relationship between the resonance and the refractive index 














































































































concentration variations. The sensitivity as high as 2 µw/RIU can be achieved. This 
structure realized a miniaturized refractive index sensor probe with high sensitivity. This 




IONIC LIQUID CORE MICRORING RESONATOR FOR CO2 DETECTION 
 
6.1 Microring Resonator and the Sensing Applications 
In the application of optical microresonators, further benefits can be extended 
with liquid core involved microring resonators [125]. Biomolecule detection was 
demonstrated theoretically and experimentally based on liquid core optical ring resonator 
[126]. Refractometric sensors were presented using two measurement systems with a 
comparison between optical micro spherical resonator and liquid core ring resonator, and 
the later presented high sensitivity, stable performance as well as microfluidic 
compatibility [127]. The core of the ring resonator provides the sensing freedom when 
chooses for different sensing candidates. 
 
6.2 Ionic Liquid for CO2 Sequestration 
The use of ionic liquid can be seen in a wide range of applications including 
cellulose dissolution [128], nuclear fuel reprocessing and gas handling [129]. Carbon 
dioxide absorption by ionic liquid was proven as one of its specialty [130-132]. A task-
specific ionic liquid was designed for CO2 capture by Bates [131], and shown its CO2 
sequestration capability by an observation of the molar ratio between CO2 and ionic 
liquid as a function of time; Tang demonstrated the poly(ionic liquid)s as novel polymer 
materials that selectively absorb CO2 with higher capacity and faster 
absorption/desorption rates [132]. 
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6.3 Ionic Liquid Core Microring Resonator 
In this chapter, we propose and experimentally demonstrate a CO2 detector based 
on an ionic liquid core microring resonator (ILCMRR), for the first time to the best of our 
knowledge. Because of the ionic liquid sequestration nature on CO2, the effective 
refractive index of the ring resonator is changed by CO2 molecule absorption, which in 
turn induces a shift in the resonant wavelength of the ionic liquid core ring resonator. 
Absorption time to equilibrium can be measured by monitoring the wavelength shift. 
 
6.3.1 Fabrication and Principle of ILCMRR 
The experimental setup is shown in Fig. 6.1. A fiber taper with a length of ~1 cm 
and a diameter of ~ 2 μm was fabricated from the standard single mode fiber (Corning 
SMF-28) using a fiber tapering system. A 50 μm diameter capillary with wall thickness 
of 1 μm was filled with ionic liquid. The ionic liquid core capillary was placed in contact 
with the optical fiber taper using a precision micro positioning system. When light from a 
tunable laser source (HP-8168F) passed through the taper, part of it will be coupled in to 
the ionic liquid core capillary; then the Whispering Gallery Modes (WGMs) ILCMRR 
were formed. When the ILCMRR was placed in a chamber and immersed with CO2 gas, 
the chemical molecules absorbed by the ionic core of the ILCMRR led to certain 
refractive index change. Thus, a relative resonance shift can be observed by a 
programmable controlled optical spectrum analyzer (Ando AQ6319). 
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Fig. 6.1. Schematic of ionic liquid core microring resonator for CO2 detection. 
 
6.3.2 Microring Resonator Responses to CO2 gas 
Before filling the core with ionic liquid, the thin capillary ring resonator 
transmission spectrum and its response to CO2 are shown in Fig. 6.2. In the experiment, 
the inner diameter of the thin wall capillary was 50 μm. The fiber taper was 
perpendicularly coupled to the thin wall (~1 μm) capillary, measured by a measuring 
optical microscope (Nikon MC-203). The cone shape was created by fusion splicing the 
capillary with a section of the optical fiber, which served as the ILCMRR sensor holder. 
When the hollow capillary ring resonator was tested for its CO2 response, a relative 
resonance wavelength shift of 0.02 nm was noticed. The corresponding mode order 



























Fig. 6.2. (a) Transmission resonance spectrum of the hollow thin capillary 
microring resonator and its response to CO2. Insets: (a) the resonance shift in 
details at the dip highlighted and (b) the overview of the cavity with the fiber 
holder. 
 
6.3.3 Transmission Resonance of ILCMRR  
When the capillary was filled with ionic liquid, the resonance spectrum of the 
ILCMRR was shown as Fig. 6.3. In the experiment, the estimated quality factor of the 
ILCMRR was ~1000. The resonance efficiency was decreased due to the following 
reasons: first, the increase of core refractive index led to higher light adsorption; second, 
the impurity of the ionic liquid core introduced higher scattering loss. The ionic liquid 
employed in this study is a product of Sigma-Aldrich Company. The ionic liquid sample 
















































Fig. 6.3. Transmission resonance spectrum of the ILCMRR. 
 
6.3.4 ILCMRR CO2 Sensing and Time Response 
ILCMRR to CO2 sequestration time response was measured. The test was carried 
out in the following steps as shown in Fig. 6.1: first, the one micron thin wall capillary 
filled with ionic liquid was perpendicularly coupled to fiber taper and positioned inside a 
chamber; second, the chamber was inflated with nitrogen carrier gas; third, the valve of 
CO2 gas was turned on and CO2 started to flow into the chamber; fourth, programmable 
photo detector recorded resonance spectrum and the measurement was started when CO2 
gas was filled with the chamber. A total measurement time of 300 seconds was tested and 
an equilibrium state of absorption was attained. 
Figure 6.4 shows the time responses of the transmission spectra of the ILCMRR 
in CO2 absorption. The response in Fig. 6.4 indicates that the ILCMRR absorption of 
CO2 results in a corresponding resonance shift toward longer wavelength. The variation 
of the resonance spectrum shape was noticed, indicating the change of coupling condition 




















decreased noted by the reduction of the resonance fringe visibility. This was caused by 
the effective refractive index increase during the CO2 absorption. A third-order Savitzky–
Golay filter was applied to the original spectra to eliminate the random high frequency 
intensity noise and spectral ripples. The location of the resonance dip was not changed by 
the smoothing approach, which can be verified by the comparison of original and 
smoothed 0 second resonance spectrum as shown in Fig. 6.4. 
 
Fig. 6.4. ILCMRR time response to CO2 absorption. Curve fitting of the 0 
second response was provided. 
 
The time to equilibrium curve was shown in Fig. 6.5 with a total resonance 
spectra shift of 1.55 nm. A linear response was witnessed at the first 80 seconds of testing, 
shown as the range in the red dashed region with the detailed measurement in the inset of 
Fig. 6.5. A slower CO2 sequestration pace indicated that the saturation status of the ionic 
liquid was achieved after 210 seconds of absorption. No obvious resonance spectra shift 
can be seen after 240 seconds of testing. The polynomial fitting equations and the 


































Fig. 6.5. Time to equilibrium curve of ILCMRR on CO2 sequestration. Inset: 
linear time response at initial CO2 detection. 
 
In summary, an original ionic liquid core microring resonator was proposed and 
experimentally investigated for CO2 detection. The CO2 absorbed by the ionic liquid core 
led to an effective refractive index change. The one-micron thin capillary wall offered 
good interaction between the absorption and the resonance circulating along the capillary 
surface, causing a shift in resonance wavelength towards a longer wavelength. The 
ILCMRR provides a beneficial platform for CO2 detection and leads to a broad chemical 
sensing applications. 
  















































CONCLUSION AND FUTURE WORK 
 
7.1 CONCLUSIONS 
In this dissertation, the optical microresonator was demonstrated for sensing 
applications. Microsphere and microring resonators were investigated in this work. The 
quality of the optical microresonator with high-Q, miniature size and high detection 
sensitivity make it a good candidate for chemical detection, thermal sensing, refractive 
index measurement, etc.  
In order to enhance the sensitivity, certain structures and materials were utilized. 
Porous glass microsphere was used to fully extend the molecule adsorption and a 
remarkable effective refractive index change was presented thereafter. The resonance 
wavelength shift was thus noticed and recorded as the measurement of environmental 
chemical vapor change. Modeling and simulations were studied for a comprehensive 
understanding of the sensing application as a function of porous shell thickness and 
electric and magnetic mode dependency. 
In thermal sensing, polymer material was tested with higher thermal responses. 
High sensitivity temperature measurement was realized using the capillary wall coupled 
PMMA resonator probe.  
Liquid phase refractive index measurement was realized by measuring the 
coupling efficiency change as a function of glucose concentration variations, which may 
find broad applications in food industry and biosensing areas. Additionally, ionic liquid 
core resonator was demonstrated as a gas detector due to its selective sequestration on 
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CO2. This structure provides an ideal candidate for gas monitoring and control in 
chemical engineering. 
A novel fiber pigtailed thin wall capillary coupler was designed. This new coupler 
demonstrated efficient excitation of WGMs resonator when integrated with microspheres. 
Traditional coupler with disadvantages of fragility, bulkiness and precision fabrication 
were overcome. This provides the potential for the development of convenient optical 
resonator sensor probes based on the reflective coupling. 
 
7.2 FUTURE WORK 
Broad applications on optical sensors will be investigated based on the thin wall 
coupled microresonator structure. Analytical study and comprehensive understanding of 
the coupling scheme will be investigated. 
1. Capillary wall coupled optical resonator acoustic sensor probe. Microsphere 
sphere material with higher acoustic wave responses will be investigated. A 
highly sensitive acoustic probe may find broad applications in ocean optics, 
geometry monitoring, etc. 
2. Distributed sensing applications will be investigated. Multiple microspheres 
with different materials and structures will be helpful for distributed sensing 
applications for different locations or sensing targets. 
3. Miniaturized micro-gyroscope will be studied. The multiple coupling optical 
paths provide the possibility of path mismatches when the microsphere swings 
in different directions. 
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4. Cancer cell detection and separation in bio-sensing area will be studied. 
Thermal sensor probe in cell temperature measurement, microring resonator 
as cell counter or monitor will be analyzed. The potential uses can be in 
human health, biomedical areas. 
5. Rare earth doped (Erbium, Ytterbium) glass microsphere can be a good 
candidate for microcavity lasing applications. Various pump approaches were 
discussed for efficiency pumping of microcavity lasers [78]. The 
concentration of the doping rate can be tuned at different combinations. A co-
doped borosilicate glass sphere was inserted into the etched capillary of inner 
diameter 100µm, and then a fiber taper was inserted for the purpose of side 
pumping the microsphere. The dimension of the fiber tip was about 20 µm, 







Fig. 7.1. Overview of capillary integrated codoped microsphere and fiber taper 
side pump. 
 
Once the pump started to increase, the microsphere shown green luminance, 







Fig. 7.2. Green laser intensity as an increase of pump source. 
 
 
Investigation of the lasing parameters (threshold, laser wavelength, etc.) will 
















Fiber taper fabrication and PWHGM fixation process 
 
The approaches of fiber tapering were realized by the following devices: 
bidirectional motion stage, linear actuator, LabVIEW programming motion control and 
CCD-LCD monitoring.  
Hydro-oxygen flame and propane flame heat treatment were both tried to 
optimize the optical fiber taper quality in thickness and transmission loss. After certain 
combination of tapering duration, velocity and heating strength, a fiber taper of one µm 
in diameter and less than 0.5 dB transmission losses can be obtained. 
 
Fig. A.1. (a) Overview of the fiber tapering system; (b) LabVIEW programming 
control panel; (c) flame torch with linear actuator control; (d) bidirectional 
stretching system. 
 
In order to realize the side coupling of the PWHGM to fiber taper, the fixation 
process of PWHGM was carried out as following: 1. The fiber holder was filmed with 
thin ultraviolet (UV) epoxy; 2. One PWHGM was in contact with the end of the fiber 






picked by very little amount: little volume of epoxy was sandwiched by two glass slides, 
and then the tapered fiber end was slightly in contacted and grab a bit adhesive from the 
thin epoxy film. 
  






Manufacture of fiber pigtailed thin wall coupler and its integration with microsphere 
 
Fiber pigtailed thin wall coupler was fabricated based on the following process: 1. 
Multimode fiber (ID/OD:62.5/125) was cleaved with a smooth endface; 2. Fused silica 
capillary tube was cleaved and smooth ring shape endface was ensured; 3. Sumitomo T-
36 fusion splicer was used and the two cleaved ends of MMF and capillary tube were 
aligned end to end, slight mismatch was due to the dimension differences, as shown in 
the next figure: 
 
Fig. B.1. MMF and capillary tube alignment under the view of fusion splicer 
monitor. Left: MMF, right: capillary tube. 
 
4. Fusion splicing option was selected as the standard multimode fiber operation. 
After the splicing process, a cone shape joint was given as: 
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Fig. B.2. fiber pigtailed capillary coupler after fusion splicing. 
 
5. Microsphere was gently inserted into the other end of the capillary end. A 
section of fiber taper was used to assist the integration process. 
 
Fig. B.3. Insertion of microsphere into the capillary. Left: fiber taper tip was used 
as a pushing tool; right: microsphere inserted into the capillary. 
 
6. When the microsphere was inserted into the cone shape area with no more 
space to move forward; then the other end of the capillary opening was sealed by a 
section of optical fiber. Minimum fusion splicing was used so that the microsphere was 
not melted during the sealing process. The details of the fusion splicing information were 
given as ARC DURATION: 01.00, PREFUSION: 00.10, ARC GAP: 10.00, OVERLAP: 
07.00, ARC POWER: 0009. 
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7. Once the cavity was sealed with microsphere, an etching process was taken 
using 45% (beginning) - 20% (later) concentration hydrofluoric acid solutions. The 
etching was stopped when the wall of the capillary was as thin as several microns with 
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